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RELATIVE EFFICIENCIES AND DESIGN CHARTS FOR 



VARIOUS ENGINE- PROPELLER COMBINATIONS 
By David Blermann 



SUMMARY 



The relative efficiencies of various engine-propeller 
combinations were the subject of a study that covered the 
important flight conditions, particularly the take-off. 
Design charts that graphically correlate the various pro- 
peller parameters were prepared to facilitate the solution 
of problems and also to clarify the conception of the re- 
lationships of the various engine-propeller design factors 

It is shown that, among the many methods for improv- 
ing the take-off thrust, the use of high-pitch, large-di- 
ameter controllable propellers turning at low rotational 
speeds is probably the most generally promising. With 
such a combination the take-off thrust may be further in- 
creased, at the expense of a small loss in cruising effi- 
ciency, by compromise designs wherein the pitch setting is 
slightly reduced and the diameter is further igL.ereaa-ed. 
The degree of compromise necessary to accomplish the maxi- 
mum possible take-off improvement depends on such design 
factors as overspeeding and overtfoosting at take-off as 
well as depending on the design altitude. Both overspeed- 
ing and designing for altitude operation have the same ef- 
fect on the take-off thrust as compromising in that the 
propulsive efficiency is increased thereby; boosting the 
engine, however, has the reverse effect on the propulsive 
efficiency, although the brake horsepower is increased. 

For cases wherein the design basic pitch setting is 
necessarily low because of the inflexibility of the engine 
qfr airplane design relative to propeller speeds and diam- 
eter <\ there is little to be gained in performance from the 
use of special devices such as controllable propellers, 
but the advantage increases with the pitch setting or 
roughly, but not necessarily, with the speed. 

There is no well-defined limit to the values of speed 
power, and altitude to be attained in future propeller de- 
signs, but increasing each factor imposes increased design 
difficulties. Air speeds of the order of 400 miles per 
hour must be accompanied by pitch angles of at least 45° o 
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50°, and the diameters of 3-blade propellers may reach 15 
feet for 3 , 000-horsepower engines for sea-level operation 
and 30 feet for 40,000 feet altitude. 



INTRODUCTION 



The general conception of the engine and propeller as 
an integral propulsive unit is of fairly recent origin. 
Engine builders rarely invaded the propeller field to de- 
termine design factors affecting their product, and propel- 
ler manufacturers were usually content to build their prod- 
ucts to fit the existing engines. Until the arrival of 
high-speed airplanes and controllable propellers, there 
was little need for cooperation as the best engine design 
features were fortunately often best for the propeller. 
High-performance airplanes, however, have brought special 
propulsive problems that require close study of tho unit 
as a whole for the best solution. * 

This paper presents the results of a study of the 
relative efficiencies of various engine-propeller combina- r 
tions covering the important flight conditions, particular- 
ly the take-off. Design charts are also given which graph- 
ically correlate the varidus propeller parameters. 

GENERAL DESIGN CHARTS 



The familiar speed-power coefficient C s , when plot- 
ted against V/nD and T| for a family of propellers (see 
fig. 1) , is very useful in designing or selecting propel- 
lers for given airplanes and engines. For conditions 
wherein the best engine gear ratio; blade width, or number 
of blades is undetermined, the designer must make addition- 
al computations before a propeller can be selected or de- 
signed. These extra computations often involve tip speeds, 
which definitely limit the product of the propeller rota- 
tional speed and diameter. In order to facilitate such 
computations and also to correlate the separate important 
propeller design dimensions on a single chart so that their 
relative values may more readily be vi suali zed , a design 
chart (fig. 2) has been worked out based on the C s chart 
given in figure 1. The C g chart was drawn from data 
given in reference 1 and the curves were cross-faired in 
order to obtain a better working chart free from minor ir- 
regularities . 



8 

3 



When C s charts are used, the propeller is ordinari- 
ly designed to operate at high or cruising speed at a, 
point on the envelope of the efficiency curves or at a 
point slightly below the envelope if the take-off and 
climb efficiency is to he increased. The latter design, 
involving reduced pitch and increased diameter, is gener- 
ally known as a "compromise" design since the high-speed 
efficiency is slightly sacrificed in order to increase the 
efficiency at take-off. As the efficiency envelope curve 
or the corresponding compromise curve are the only C s ef- 
ficiency curves generally used, design charts may he made 
up with these two curves used as a basis. Figure 2 is such 
a chart based on the maximum-efficiency envelope curve 
(high-speed envelope curve) of a family of propellers for 
which the test results are given in figure 1. Figures 3 
and 4 are additional sections A of the chart in figure 2 
based on compromise curves, and may be superposed on sec- 
tion A of figure 2. The chart of figure 3 is for moder- 
ate compromise propellers of which the high-speed pitch 
setting is reduced 3°; that of figure 4 is for a 5 blade- 
angle reduction at high speed. It has been found conven- 
ient to express the degree of compromise in terms of design 
blade-angle reduction for high speed. 

Dev elopmen t of the chart (fig. 2)j- The chart of fig- 
ure 2 is composed of a number of sections. Section A is 
the only part taken strictly from test results, the rest 
of the chart being only dimensional and therefore general 
for all. propellers of somewhat similar construction. Sec- 
tion A may therefore be made up for different families of 
propellers as for different design conditions and may be 
used in conjunction with the rest of the chart for deter- 
mining the various dimensional data. 

From the speed-power coefficient C s = QjL§38Xm iiiiiXfl^ 6 , 

hp. 1/5 xr.p.m. s/5 

P 

where C = -- , the numerator (airplane function) is used 
Po 

as the abscissa and the denominator (engine function) is 
used as the ordinate for plotting in section A values of 
propulsive efficiency, tip speed, pitch setting, and 

Cp 1 ^ 5 -, all of which are determined from the C s envelope 

curve for maximum efficiency. The lines for constant ef- 
ficiency are straight except at values corresponding to 
high tip speeds where they curve owing to tip- speed cor- 
rections (references 2 and 3), The lines for constant 
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Cp 1/S arc used for the determination of the propeller di- 
ameter as will later he more fully explained. While the 
straight portions of the lines for constant efficiency 
Cp 3 -/' 5 , and pitch setting may readily he determined by 

solving for one point on each line, the lines for constant 
tip speed are more difficult to obtain, especially if the 
forward air-speed component is considered. 

In the determination of the lines for constant tip 
speed, values of r.p.m. X D were first obtained for dif- 
ferent values of air speed at sea level, and TT/nD was 
then determined. Since there is a definite value of C s 
for each value of V/nD, Cp 1/5 was determined, using the 

relation C v l/s = ^™- D . With the air speed at sea level 

given, the values for constant tip speed Were plotted, ei- 
ther in relation to the Cp 1/S lines, or against hp. 1/5 X 
r.p.m. 3/s which equals r.p.m. X D X jfri/s x ql/B ^ 

138 

The efficiency curves were corrected for tip speeds 
above approximately 1,000 feet per second. (See refer- 
ences 2 and 3) . 

Although section A of the chart alone (fig. 2) might 
be useful, it was believed that a complete expansion of 
both the abscissa and the ordinate so that each component 
might be read directly would apply more widely and would 
give a clearer picture of the relationship between the va- 
rious parameters. The abscissa m.p.h. X <j l/s was conse- 
quently broken down into lines of constant air speed for 

different altitudes (section B) , The ordinate hp.i/s x 

rip.m. 3/5 was also resolved into lines of constant pro- 
peller rotational speed for different values of engine 
power (sect ion 0) . 

Since the total blade width or the number of blades 
is also a function of the power, the power was further re- 
solved into lines of constant power for different total 
blade widths (section D) . It was assumed that the power 
absorbed by the propeller varied with the-total blade-width 
ratio according to information given in figure*"BS of ref- 
erence 3. Inasmuch as the propulsive efficiency ordinari- 
ly decreases slightly as the-total blade width is increased, 
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an arbitrary correction, section G- , was included. This 
correction was taken from figure 66 of reference 3 but was 
slightly modified in view o£ more recent tests. 

In order to develop the propeller-diameter chart, it 
was first necessary to resolve the ordinate 

C P l/s X r.p.m. X D X a 1/G ... 

— . into lines of constant Cr> ' 

138 f 

X r.p.m. for different values of D X a l/5 (sectiomE). . 
and then to plot lines of constant diameter for different 
altitudes in section P. It should be noted that the prod- 
uct of r.p.m, and Cp 1 / 5 must be found before proceed- 
ing to sections E and J. 

The efficiency correction for propeller- body inter- 
ference is given in section H. This correction, recom- 
mended in reference 3, reduces the propulsive efficiency 1 
percent below that for the test results for an 8-percent 
decrease in propeller- body-diameter ratio. Corrections 
for increases in propeller-body-diameter ratio are not 
recommended since tests indicate that little change in ef- 
ficiency results from decreasing a nominal body size from 
0»4 the propeller diameter to zero. 

Tip speeds .- Unfortunately it was not possible to in- 
corporate a complete set of tip-speed lines for all alti- 
tudes in the chart. Lines for 1,000 feet per second for 
the high-speed-propeller design at several altitudes were, 
however, included. Tip speeds for different altitudes may 
be readily obtained from the chart by determining the sea- 
level tip-speed value at the same Cp ly/5 and air speed as 

those for the altitude under consideration. The tip speed 
thus obtained is the same as that for the altitude investi- 
gated since the tip speed is determined by V/nD and air 
speed, which remain constant under the foregoing assumption 
In order to check any value more accurately, the tip speed 
may be computed from the relation: 

tt X. r.p.m. X D 

tip speed = 

SO cos cp t 

where cos cp^ i s a factor that takes into account the 

forward velocity. Figure 5 gives values of cos <P t for 
different pitch angles. 
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It may be noted that the efficiency curves have "been 
corrected only for the propellers operating at sea level. 
Since the propulsive efficiency starts to decrease at tip 
speeds of about 0.9 the speed of sound, the change in the 
speed of sound with changes in altitude should be taken 
into account for altitude designs, Figure 6 indicates 
that the velocity of sound decreases at the rate of 4.17 
feet per second per 1,000 feet altitude up to the strato- 
sphere. Stratosphere balloonists have reported increasing 
temperatures with increasing altitude above the tropopause, 
which indicates a reversal in the trend of the speed of 
sound at those altitudes. 

It is not likely, however, that the speed of sound at 
altitude will determine the limiting condition, since the 
cruising propeller speed is ordinarily considerably lower 
than that for take-off. When checking the take-off tip 
speed, the factor cos cp t may bo neglected because the 
forward velocity is small. 

Use .of the charts .- The following directions for the 
use of the charts apply to a composite chart composed of 
parts, A, B, C, D, E, and F combined as shown in figure 2(a). 
Extra copies of the three sheets that constitute the main 
chart may be obtained upon request from the N.A.C.A. in 
Washington. As the charts may be used for a variety of de- 
sign problems, only general directions need be given. Read 
from section to section vertically or horizontally except 
across doubled division lines. The problem Cp 1 X r.p.m. 

must be solved before the diameter can be read from section 
F , 

Example 1 ; 

Given; Design high speed, 800 m.p.h, 

Engine power, 700 hp. at 10,000 ft. 

Propeller speed, 1,400 r.p.m. for high 
speed at critical altitude, 

Tip speed, 1,000 ft, /sec. or less. 

Engine diameter, 54 in. 

Propeller designed to operate at peak effi- 
ciency at high speed at critical altitude. 



To find; Diameter, pitch setting, and efficiency. 
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Solution: The vertical line through sections A and B 
is established in section B by the inter- 
section of the line for 300 miles per hour 
and the line for 10,000 feet altitude. If 
a 3-blade propeller similar to 4413 is as- 
sumed, the vertical line through sections D 
and C is established in section D by the 
intersection of the 700-hors epower curve 
and the dotted line for the 4413 2-blade 
propeller. This vertical line intersects 
with the r.p.m. curve in section C at a 

value of hp. 1/5 X. r.p.m. 3 ' 5 = 67,5 and 
establishes the horizontal line through 
sections C, A, and E. Beading the values 
of pitch setting, efficiency, tip speed, 

and Cp 1 ^ 5 in section A at the intersection 

of the vertical and horizontal lines: pitch 
setting =38*3°, T) = 85, tip speed = 985 

ft, /sec. (approximately), and Cp 1 5 = 0.588. 
In determining the diameter, Cp 1 5 X r.p.m. 
= 834, In section E the intersection of 

1 /& 

the horizontal line and the Cp X r.p.m. 
- 834 line determines a diameter of 13,0 
feet. Since the propeller-body diameter 
ratio is 13.0/4.5 or 3.67 there is no ef- 
ficiency correction. If a 4413 3-^blade pro- 
peller is assumed, -the horizontal line 
through sections C, A, and B is established 

at a value of hp, 1/5 X r.p.m. 2/5 = 63, de- 
termining: pitch setting = 39.8°, T\ = 
84.3, tip speed = 865 ft. /sec. (approxi-^ 

mately) , Cp l/5 = 0.595, and diameter = 11.1 
feet. Since the propeller-body ratio is 
3,47, there is no efficiency correction. The 
efficiency should be decreased about 3.5 
percent, however, because of the total 
blade-width correction, resulting in a net 
efficiency of 81.7. 



Example 3 : 
Given : 



Design high speed, 300 m.p.h, 

Engine power, 700 at 10,000 ft. altitude. 
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Tip speed, 900 ft. /sec. or less. 

To find: Best propeller speed, best total blade 
width, diameter, and efficiency. 

Solution: The intersection of the vertical line 

through sections A and B with the line 
for 900 ft. /sec. tip speed determines 
the horizontal line through sections, A, 
C, and 1 at a value of hp. 1/5 X * 

r. p.m. 3/5 = 65.0. For a 4412 2-blade 
propeller, the r. p.m. = 1,290, diameter 
= 12.6 feet, and the pitch angle = 28.9°. 

If a lower tip speed is chosen, the engine- 
propeller combination will be character- 
ized by a lower propeller rotational 
speed, a larger diameter propeller, a 
higher engine reaction torque, and a 
higher pitch propeller. If a controlla- 
ble propeller is used, the higher pitch, 
larger diameter propeller will result in 
improved propulsive efficiency at take- 
off, as will later be more fully ex- 
plained. In view of the higher effi- 
ciency at take-off, a 37° pitch angle 
propeller might be selected, which would 
define a horizontal line through sections 
A, C, and E at a value of hp.^/s x 
r. p.m. 2/5 = 47.8. For a 4412 2-blade 
propeller, the r.p.m. = 600 and the diam- 
eter = 18.6 feet. 

This example illustrates the use of the 
chart in rapidly setting up the bounda- 
ries of design problems. 



COMPARISON OE VARIOUS EIG-INE-PROPELLER CO MB I HAT 10 ITS 



"Various engine-propeller combinations have been stud- 
ied with the purpose of evaluating their relative thrust- 
producing effectiveness for all flight conditions. The 
propeller test data used as a basis for. all computations 
are given in figure 1. The reference tests were made at 
various p itch ' set t ings from 17° to 42° of a family of 4- 
foot model propellers tested in conjunction with a radial- 
engine nacelle mounted on a section of a thick wing. 



An examination of the envelope propulsive efficiency- 
curves reveals that the peak efficiency occurs at a pitch 
setting of 2?°, which is "believed to he a characteristic 
of this particular test set-up and not necessarily to hold 
for propellers in general. Tests reported in references 4 
and 5 do not indicate a decreasing efficiency up to pitch 
settings of even 36° or 40°. B'ur thermore , full-scale tests 
(see appendix) made of several late propeller designs indi- 
cate that the envelope efficiency curve remains fairly flat 
up to about 40° pitch setting. The relative values at the 
take-off and. climb are not altered, however, by any such 
unique characteristics of the propeller data used - 

Most of the computations to determine, the relative 
effectiveness of engine-propeller combinations were based 
on tests of unsupercharged engines; some of the computa- 
tions, however, were repeated for supercharged engines. 

Although the relative efficiencies of the various en- 
gine-propeller combinations have been worked out for the 
entire speed range, emphasis has been placed en the four 
most important flight conditions: take-off climb , cruis- 
ing, and high speed. A representative take-off speed has 
been assumed, equal to 0.3 the high speed, which corre- 
sponds to a speed at the latter part of the take-off run 
for average airplanes. It is shown in reference 6 that it 
is possible to compute the take-off run fairly accurately 
by using the excess propeller thrust at 0,7 the take-off 
speed, which corresponds to 0.3 the high speed for air- 
planes having a speed range of about 2.5 or 3.0. The 
climbing speed has been assumed to be equal to 0.65 the 
high speed. The cruising criterion is the same as that 
for high speed since propellers generally operate at about 
the same value of v/nD for both conditions. 

Unsupercharged Engines 

The engine torque was assumed to remain constant for 
small changes in engine speed at full throttle for unsuper- 
charged engines. 

Fixed-pit ch p r op ell er s.- In figure 7 the ratio of the 
thrust horsepower to brake horsepower available at high 
speed, t ,hp./b.hp, m , is given for various pitch settings 

and all air speeds up to the high speed. Inasmuch as the 
full-throttle engine speed decreases with the air speed, 
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tho ratio t.hp./b,hp. m is equal to r) X — where 

' r • p • m • m 

the subscript m denotes the condition at high speed. It 
is noteworthy that even though the ratio t,hp./h.hp. m 

varies somewhat for tho different pitch settings at high 
speed, all the values for the latter part of the take-off 
run fall within a few percent of each other. This agree- 
ment indicates that, as far as pitch-angle selection is 
concerned, the best propeller for high speed will probably 
also he the "best for take-off; compromise designs are, of 
course, neglected. 

A comparison has been made in figure 8 of a high- 
speed and a compromise design. The results are given for a 
wide range of design C s values and show the difference 

in thrust horsepower available for the four important 
flight conditions. It is interesting to note that reduc- 
ing the design blade setting 3° and increasing tho diame- 
ter slightly to compensate increases the take-off and climb- 
ing thrust a small amount and slightly reduces the high- 
speed thrust. 

Compromising with fixed-pitch propellers is not very 
effective because the loss in engine power resulting from 
lower engine speeds nearly offsets any gain in propulsive 
efficiency. Figure 9 shows the change in full- throttle 
engine speed with change in air speed for liigh- speed and 
compromise design propellers of various basic pitch set- 
tings; it further shows that the propeller speed at low 
speeds decreases with increasing pitch setting up to about 
27° but, for higher pitch settings, further decreases in 
propeller speed are not so pronounced. 

Fixed-pitch an d variable gear ratio.- In this analy- 
sis it was assumed that the engine gear ratio could be 
changed through an infinite number of stages so that the 
Engine speed would remain constant for all air speeds. 
By such a hypothetical arrangement the full-throttle en- 
gine power would remain constant and the propulsive effi- 
ciency would differ but little from the ungeared condi- 
tion. In figure 10 the results of computations are given 
for propellers designed for maximum efficiency and also 
for 3° blade-angle reduction, compromise propellers with 
variable gear ratio. The chief merit of a variable gear 
ratio is the ability to maintain the engine power for the 
take-off since little change in propulsive efficiency can 
be expected. The compromise propeller therefore nets a 
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greater gain in take-off thrust with than without a vari- 
able gear ratio "because the propulsive efficiency is in- 
creased and there is no loss in engine power. 

Since infinite variable gear ratios are not practica- 
ble at present, any contemplated designs must be confined 
to a finite number of gear changes. Actually, one gear 
change would probably suffice since the propeller speed 
need be reduced only for the take-off and climb. 

Controllable -pitch.- There are at least three import- 
ant advantages of controllable propellers, especially of 
the constant-speed type: The pitch angle may be set to 
allow the engine to turn at the desired speed, thereby 
creating the most advantageous engine-operating conditions; 
the propulsive efficiency for take-off and climb increases 
with the design basic pitch settings over that for fixed- 
pitch propellers; and compromise, designs result in greater 
gains than fixed-pitch propellers, especially for the high 
basic pitch settings. 

For basic pitch angles below about 20°, the first, ad- 
vantage is the only one that is important. Above basic 
pitch angles of 20°, the last two advantages become more 
and more pronounced. 

Figure 11 illustrates the improvement in thrust power 
with increased basic pitch setting for propellers designed 
for maximum efficiency at high speed. When the differences 
in' high-speed efficiency are neglected, it is quite evident 
that the higher the pitch setting the higher the thrust up 
to some limiting pitch-setting value of about 40°. If a 
family of propellers having a fairly flat envelope of the 
efficiency curves, such as those reported in the appendix 
of this paper had been used in this analysis, the high-pitch 
propellers would have given the best all-round performance. 
High pitches will, of course, require a low speed, which in 
turn necessitates a large diameter for any given airplane. 

In order to illustrate the operating characteristics 
of various compromise designs, a plot of propulsive effi- 
ciency against air speed for an airplane used as an exam- 
ple is given in figure 12. In this figure the solid curves 
are lines of constant pitch and' are, included only to show 
the actual propeller operating pitch- setting represented 
by the dotted lines. If a controllable propeller that 
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would have its maximum efficiency at the high speed (250 
miles per hour) were selected, it would represent the no- 
compromise condition, and the efficiency would follow the 
dotted curve for 0° blade-angle reduction at different 
air speeds. If a propeller of 3° lower "blade angle, and 
consequently of greater diameter, were selected, the high- 
speed efficiency would- he slightly less, but the efficien- 
cy at the latter part of the take-off run and at the 
climbing speed would be considerably higher. Still greater 
improvement in the take-off efficiency may be made by low- 
ering the pitch setting and enlarging the propeller diam- 
eter to a limit ing ' condition wherein the operating curve 
touches the envelope of the efficiency curves at the take- 
off speed. The high-speed efficiency, of course, progres- 
sively decreases with each improvement in take-off effi- 
ciency but in much smaller proportion. 

The effects of different amounts of blade-angle re- 
duction are given for various pitch settings and design 
values of C g in figure 13. It is apparent that for basic 
pitch settings below about 17° there is no object in at- 
tempting to compromise but, as the pitch setting increases, 
so does the possibility of improvement in take-off thrust. 
For high basic-pitch propellers the take-off thrust may be 
increased by as much as 40 percent by this blade-angle re- 
duction compromise feature alone. The gain in climbing 
thrust power increases noticeably for the 3° blade-angle 
reduction, but little further gain is possible. The high- 
speed or cruising efficiency drops slightly for each de- 
gree of blade-angle reduction and at an increasing rate. 

Under the section dealing with supercharged engines, 
it will be shown that certain engine characteristics in- 
fluence the degree of compromise necessary or advisable. 

Figure .14 shows the increase in diameter necessary to 
compensate for various degrees of blade-angle reduction 
for compromise designs. 

Among the various objections to the larger-diameter 
propellers that may result from increasing the design 
pitch setting and compromising, weight is perhaps the only 
one affecting the take-off and climb characteristics aside, 
of course, from the thrust. If other factors are neglect- 
ed, it is advantageous to increase the pitch setting and 
diameter only to the point of best performance. 
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from the relationship derived for a given airplane: 

- Is. V 

S b W t (T e ) a 

where S is the take-off distance* 

W, the gross weight, 

T Q , the excess thrust at 0.7 the take-off speed, 

and the subscripts a and b denote the two conditions. 

It is evident that the best propeller for take-off is the 
one giving the shortest distance S or the greatest ex- 
cess thrust per unit gross weight. Since the excess thrust 
changes rapidly with total thrust and the gross weight 
changes slowly with propeller weight, the thrust is far 
the more important factor. 

In order to illustrate the effect of increasing the 
design pitch on the take-off distance, an example condi- 
tion (fig. 15) is included. In this illustration the take- 
off distance is given for a typical twin-engine transport 
having controllable propellers of various design pitch 
settings and diameters. The propeller weights were assumed 
to be proportional to the cube of the diameter. 

It may be noted that increasing the design pitch set- 
. ting from 25° to 40° decreased the take-off distance about 
29 percent. This percentage is not materially altered 
even though the propeller weight, which was greatly in- 
creased, is neglected. 

Similarly, relative rates of climb may be found using 
the relationship: 

Ca _ (_T_o Va ^b 
C D (T 0 'H Wa 

where 0 is the maximum rate of climb, 

and , T 0 , the excess thrust at the climbing speed. 

. Controllable pitch' and diameter.- Up to the present 
time no satisfactory method has been devised to change the 
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propeller pitch setting and diameter while in flight, nor 
does it seem likely that there soon will be. As such a 
device would represent the upper limit in propeller effi- 
ciency, however, it will he briefly discussed. 

In the previous section on controllable propellers it 
was shown that, when the design pitch setting was reduced 
and the diameter increased, the efficiency at low speeds 
was improved but the high-speed efficiency suffered. Ob- 
viously, if the pitch setting and diameter could be simul- 
taneously changed the operating curve would coincide with 
the envelope of the efficiency curves. * 

In figure 16 the operating curves are given for sev- 
eral design basic pitch settings. Similar to but more 
pronounced than controllable propellers, the thrust at 
take-off and climb increases with pitch setting. 

As a matter of academic interest the change in diam- 
eter with change in air speed is given in figure 17 for 
controllable pitch and diameter propellers. A propeller 
capable of having its diameter changed the required amount 
is entirely possible but, since the performance of com- 
promise controllable propellers nearly equals that of Con- 
trollable pitch and diameter propellers, their advantages 
do not merit the added complications for the ordinary case. 

Controllab le pi tch with one or two ge ar cha ng es . - 
Since compromise controllable propellers are slightly hand- 
icapped at high speed, a combination controllable pitch 
and gear change might be preferable for some installations. 
If the high-speed or cruising propeller were designed to 
operate on the low-speed gear, the maximum efficiency could 
be obtained for those flight conditions. If the gear ratio 
were changed to overspeed the propeller at take-off and the 
pitch reduced to compensate, the efficiency for take-off 
could be raised to that obtained by the compromise design 
or even by the controllable pitch and diameter if suffi- 
cient gear speed increase were provided. This method makes 
it possible to obtain high efficiency for both take-off and 
high speed but imposes the complication of the gear change. 
Thrust-power curves are given in figure 18 for two differ- 
ent gear changes. It should be noted that overspeeding the 
propeller increases the tip speed as does increasing the 
diameter for compromise propellers. In either system the 
tip speed should not exceed 1,000 feet per second, else 
the ' efficiency will drop and noise and vibration will in- 
crease. (See reference 2.) 



15 



C o mp_a r i s o n_b e t w e en _2_ - _an d _3- 1 1 a d e jg_r 1 1 e rs . - It 
might be reasoned that, since an increase in total blade- 
width ratio would induce a greater inflow velocity at the 
take-off, the blades would be operating at a smaller an- 
gle of attack and the stall would occur at a lower air 
speed. This reasoning leads to the conclusion that wide 
or 3-blade propellers might be better for take-off than 
narrow or 2-blade ones, but neglects the conception of the 
ideal efficiency which indicates that the greater the slip- 
stream velocity the lower the efficiency. Also, if the 
diameter is reduced for the propeller of greater total 
blade width, the ideal efficiency is reduced. 

Test results conclusively proving or disproving the 
hypotheses are not at present available, but some high- 
speed small-scale tests (reference 4) indicate that 2-blade 
propellers are superior to 3-blade ones for nearly all con- 
ditions (fig. 19). A check comparison has been made of 
some recently tested full-scale 2- and 3-blade propellers, 
which confirms the conclusions drawn from figure 19. (See 
fig. 37 of the Appendix.) If increasing the blade width 
is construed as having the same effect as increasing the 
number of blades, as is indicated in reference 3, the same 
conclusions apply to changes in blade width. 

Comparisons between various un supercharged engine- 
propeller co mb inations.- In the preceding sections" various 
engine-propeller combinations were discussed individually 
but few comparisons were made. In order to obtain a bet- 
ter understanding of the relative values of the various 
methods described, comparative curves have been prepared. 
In figure 20(a) thrust horsepower curves are given for the 
moderately low basic pitch setting, 22°, while figures 
20(b) and 20(c) are for 32° and 42° pitch settings respec- 
tively; pertinent data are also given in table I. 

Several points of interest may be noted from figure 
20(a). At a speed of 0.3 V m (the take-off criterion), the 
propeller with controllable pitch and diameter provides 
the greatest possible gain in thrust, about 33 percent, 
over the fixed-pitch propeller. Of this possible 33 per- 
cent increase the infinite variable gear ratio produces 
only about one-third, the controllable pitch designed for 
maximum speed about half, and the 3° compromise control- 
lable propeller about 29 percent. Since the compromise 
controllable propeller so closely approaches the upper' 
limit, there is little need to seek new methods to improve 
the thrust for this relatively low-pitch propeller. 
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If it were necessary to increase the take-off thrust 
above the possible limit for the 22° pitch- setting propel- 
ler, it would be necessary to increase the basic pitch be- 
cause the upper limit at take-off increases as the basic 
pitch increases. This fact is brought out by comparing 
the curves of figures 20, (a), (b) , and (c). Whereas only 
45 percent of the possible brake horsepower is available 
at take-off for the 22° basic pitch setting, 61 percent is 
available for 32°, and 71 percent for 42°. The reason for 
this large possible increase is that with higher pitches 
the propeller speed must be decreased; with the lower pro- ■ 
peller speed the diameter must be increased; and with the 
larger diameter the ideal efficiency is increased. Even 
though the propeller may be stalled at the take-off, the 
higher efficiency resulting from the larger propeller more 
slowly moving the greater mass of air more than compen- 
sates for the higher profile drag of the blade sections. 

Increased-diamet er propellers resulting from increased 
pitch settings and decreased propeller speed should not be 
confused with increased-diamet er propellers resulting from 
reduced pitch settings and constant propeller speed, as is 
the case for compromise designs. In the former case the 
high-speed efficiency is taken at a higher value of C g 

from the envelope of the curves and the tip speed is de- 
creased; whereas in the latter case the C s remains about 
constant, the high-speed efficiency is reduced below the 
envelope, and the tip speed is increased. The effect on 
the take-off efficiency is qualitatively the same in either 
case and the effects may be quantitatively added. The net 
result of both of these effects accounts for the large 
differences in take-off thrust available with compromise 
propellers of different pitches. (See fig. 20.) 

It may be noted from figure 20(b) or (c) that a con- 
trollable propeller with an overspeed drive with a ratio 
of 1.25 is nearly equivalent to the 5° compromise control- 
lable propeller. The essential difference between these 
two systems is that the propeller speed is increased in 
one case and the diameter in the other. Both systems are 
characterized by a slight efficiency drop at high speed 
and by increased tip speeds. Since the overspeed drive 
would also incorporate a single gear change, the gears 
would be shifted to a lower ratio for high speed and cruis- 
ing. Although a gear change would avoid the loss in effi- 
ciency at high speed, the mechanical difficulties and the 
weight would be increased. ; 
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A single gear change with a fixed-pitch propeller 
might be preferable to some of the other combinations for 
light airplanes because of economic rather than aerodynam- 
ic reasons if it were necessary to improve the take-off 
thrust. A single gear change and a wooden propeller would 
probably be lighter and definitely cheaper than a metal 
controllable propeller and the performance of low- speed 
airplanes would be only slightly inferior if the fixed- 
pitch propeller were of the compromise type. Not only 
could the engine speed be increased to normal for take-off 
. but it could be overspeeded, thereby gaining additional 
efficiency and engine,. power . Also, if reduction gearing 
were used, the propell er- engine. combinat ion could be de- .- 
signed for a large, high-pitch propeller giving peak effi- 
ciency at high speed. 

Supercharged Engine's. 

In the section dealing with unsupercharged engines it 
was assumed that the engine torque remained constant for a 
all full- throttle flight conditions and also that the en- 
gine speed never exceeded a certain value even at the take- 
off. Supercharged engines, however, are characterized by 
having a range of torque values corresponding to different, 
manifold pressures, different engine-speed ratings for dif- 
ferent flight conditions, and the ability to maintain the 
normal operating manifold pressure up to a given altitude. 
Each of these factors affects the propeller design and also 
the relative merits of the various engine-propeller combin- 
ations. Boosting the engine for take-off improves the . 
take-off thrust of fixed-pitch propellers by virtue' of both 
the increased engine speed and the torque, while boosting . 
is less effective with controllable propellers because some 
propulsive efficiency is lost owing to the higher pitch re- 
quired to absorb the additional torque. The practice of 
overspeeding supercharged engines fitted with controllable 
propellers is effective in increasing the take-off thrust 
because both the propulsive efficiency and the engine power 
are increased. 

Since fixed-pitch propellers for supercharged engines 
are usually designed to absorb the normal full- throttle 
power at the critical altitude, there , will . be a pronounced 
drop in engine speed at sea level for " the same engine 
torque. (See fig. 21.) This decrease is due to the larger 
diameter necessary for the altitude operation. Overboost- 
ing at take-off decreases the engine- speed drop, but a 
great deal more boosting than is allowed by engine manufac- 
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turers at the present time is required to raise the engine 
speed up to its normal rated value. Figure 21 indicates 
that full- throttle operation at sea level of the engine 
assumed (46 inches of mercury manifold pressure) will only- 
raise the engine speed up to values equaling that for an 
unsupercharged engine. If it were possible to boost the 
engine to the point where the engine speed at take-off 
would equal the desired value, there would be no advantage 
in using a controllable propeller, at least, for take-off 
because the pitch setting would be the same as that for 
high speed. As only a small overboost is allowed at pres- 
ent for take-off, it is quite evident that controllable 
propellers are more useful with supercharged engines than 
with unsupercharged engines because of the greater in- 
crease in take-off engine power of the former. 

Comparisons between var ious su percharg ed engi ne-pro- 
pel ler comb inations .- The relative merits of various en- 
gine-propeller combinations are brought out in figure 22, 
and in table I for a supercharged engine having a critical 
altitude of 7,000 feet. The results are given in the form 
of a ratio of thrust horsepower available to the maximum 
brake horsepower at the critical altitude t . hp. /b. hp. 0C 
for different ratios of the air speed at sea level to the 
high speed at the critical altitude v/v m . Plots have 
been made for throe engine ratings: high-speed and climb, 
take-off, and full- throttle. All these conditions are for 
sea-level operation since the take-off and climbing condi- 
tions bring out the important differences of the various 
combinations. The full- thro tt le condition is somewhat be- 
yond present-day practice but is included to show the ef- 
fect of boosting to extremely high pressures. Advances 
are continually being made in engine design and fuels, 
however, and it is not unlikely that before long full- 
throttle operation at sea level may be possible for short 
periods. The engine used for these computations is a 
typical radial air-cooled engine moderately supercharged 
(7,000 feet). The results, therefore, will diff er quan- 
titatively for engines of different degrees of supercharg- 
ing but will show the same general effect. 

Figure 22(a) shows the results for relatively low- 
pitch propellers (22° basic pitch setting at high speed at 
the critical altitude). The poor performance shown by the 
fixed-pitch propeller is quite noticeable for the take-off 
and climb ratings but less so for the full-throttle condi- 
tion. 
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The variable gear ratio combination appears to be bet- 
ter than it did for the unsupercharged- engine combination 
be.cause the decided engine-speed drop at low speeds and al- 
titude, which is responsible for the lower fixed-pitch per- 
formance, is eliminated by the variable gear ratio feature. 

' It is important to note that the controllable-propel 
ler curve nearly coincides with the controllable pitch and 
diameter curvo for the take-off and climb ratings. Figure 
20(a) shows that the controllable propeller designed for 
maximum efficiency at high speed does not show such rela- 
tively high values for the unsupercharged engine but that 
the 3° compromise design does. This fact indicates that 
propellers designed for supercharged engines require less 
compromise to accomplish the same relative take-off effi- 
ciency than do propellers designed for unsupercharged en- 
gines* 

The effect of overspeeding and overboosting on the 
take-off thrust power is quite marked. Increasing the 
manifold pressure from 35 to 37.5 inches Hg and the en- 
gine speed from 1,950 to 2,050 r.p.m. increases the take- 
off thrust about 10 percent, while opening up the throttle 
increases the thrust 37 percent (values taken from the 
controllable-pitch and diameter curves). 

The effects enumerated for the 22° blade-angle pro- 
pellers are, in general, the same but more pronounced fo.r 
the 32° and 42° propellers (figs. 22(b) and (c). It should 
be noted that the higher the basic pitch setting, the 
greater becomes the possibility of improving the take-off 
by means of the use of controllable propellers.. Whereas 
the take-off thrust increases 47 percent with a control- 
lable propeller of 22° pitch setting for the take-off en- 
gine rating, it will increase about 109 percent with a 3° 
compromise propeller of 42° basic pitch setting. The in- 
crease is about in the same proportion as it was for un- 
supercharged engines. 

It may be seen that, while the 3° compromise design 
curve approaches the controllable pitch and diameter curve 
fairly closely for the take-off rating, it approaches the 
limiting curve less closely for the full- thrott le condi- 
tion. This fact indicates that overboosting requires a 
greater degree of compromise to give the same relative 
efficiency than when no boosting is used. 

Compromise design s for sup e rcharged e ngines.- It has 
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previously "been brought out that the degree of compromise 
necessary with controllable propellers to obtain the high- 
est possible take-off thrust depends upon: the propeller 
basic pitch, the design altitude,, the amount of engine 
over speeding at the take-off, and the amount of overboo st- 
ing. Figure 13 shows that the higher the basic pitch, the 
greater is the possible take-off improvement and the high- 
er the degree of compromise necessary to obtain the in- 
creased thrust. This generalism applies to all types of 
engines; but the special supe rcharged- engine characteris- 
tics change the magnitude of the desired compromise accord- 
ing to the design altitude, the amount of o verspeeding , 
and the amount of overboosting. 

It is readily seen that the pitch must be reduced 
when going from a region of rarefied atmosphere at alti- 
tude into the denser atmosphere at sea level in order that 
the propeller absorb the same power, other factors remain- 
ing constant. This pitch reduction has the same effect on 
the take-off efficiency as the same reduction made as a 
compromise but, of course, does not reduce the high-speed 
efficiency. The' pitch must be further reduced for any 
overspeeding of the engine at take-off. Boosting the en- 
gine for take-off, however, has the opposite effect be- 
cause the pitch must be increased to absorb the extra pow- 
er. The effect of each of these three factors on the 
equivalent compromise pitch reduction is shown in figure 
23. The chart is read up from each side and across from 
side to side. 

The chart shows that, if there is no change in power 
or engine speed, the altitude designs have the same effect 
on take-off as do compromise propellers. For example, it 
may be noted that, for an airplane having a critical alti- 
tude of 10,000 feet (condition A), the blade angle must be 
reduced 3-l/2° for the same air speed at sea level, result- 
ing in an increase of approximately 20 percent in take-off 
thrust for the high-speed airplanes. (See fig. 13.) Also, 
if the power at constant engine speed is increased by 10 
percent (condition B) , the blade angle must be increased 
1° (from A to B) with the result that the improvement in 
take-off efficiency will be reduced to approximately 14 
percent. Since the engine power is increased 10 percent, 
the net increase will be about 25 percent as compared with 
32 percent had there been no loss in propulsive efficiency 
due to the added engine torque. On the other hand, if the 
engine is overspeeded by 5 percent (condition C) , the 
blade angle must be reduced about l-l/20 (from A to C) or 
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a total reduction of about 5° for the same speed, result- 
ing in a more than 30-percent increase in take-off thrust 
power for high-speed airplanes as compared with 20-percent 
increase for condition A. 

It is quite evident ,' ; therefore, that if engine tem- 
perature, or power for a short time, is the limiting fac- 
tor in rating engine for take-off, it is better to obtain 
that power at the highest possible engine speed rather 
than at a high manifold pressure and a low engine speed. 

It may be noted from the chart that propellers de- 
signed for high-altitude flight will have very good take- 
off characteristics since the pitch must be reduced con- 
siderably for sea-level operation. 

The suggested procedure for selecting propellers for 
supercharged engines is: (a) From figure 23 determine the 
blade-angle reduction necessary for sea-level operation at 
the take-off engine rating; (b) from figure 13 determine 
any additional compromise blade-angle reduction; (c) from 
figures 2, 3, 4, and 5 determine the propeller character- 
istics. 

E xamp le 3; 

Given: Engine 800 horsepower at 10,000-foot alti- 

tude and 900 horsepower for take-off. 

Propeller speed, 1,200 r.p.m. (normal). 

Propeller speed, 1,260 r.p.m. (take-off). 

Airplane speed, 250 miles per hour at 
10,000 feet. 

Solution: 



(1) From figure 23 an increased power ratio of 

1.125 and an increased propeller- speed 
ratio of 1.05 results in a blade-angle 
reduction of 3.3° in sea-level flight at 
the same speed. 

(2) Cs „ 0^638_X_m^h_>i_ai^ (for 3 _ blade 

(0.7 hp.) X r.p.m. 2 propellers) 

0.638 X 250 X 0.942 _ g 48 
3.555 X 17.04 ' ' 
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(3) Prom figure 13 it may /be noted that little 

is to be gained by reducing the blade 
angle beyond 7° for a C g value of 2.48. 

If a total blade-angle reduction of 6.3° 
is assumed, the blade angle need be re- 
duced only 3° below the basic design 
since 3.3° is cared for by the engine 
characteristics. 

(4) From figures 2 and 3 the pitch setting is 

33.9°, and the diameter is 12.5 feet for 
a 3-blade propeller. Prom figure 5 the 
tip speed is 870 feet per second for 
high speed at altitude or 830 feet per 
second for take-off. The high-speed ef- 
ficiency is 0.775 when corrected for 
solidity. The t . hp. /b.hp . ffic - at 0.3 high 
speed or at the latter part of the take- 
off run may be computed from figure 13 
reasonably well, or more accurately from 
figure 1. At a value of C s of 2.48 

the t.hp./b.hp. mc is 0.625 for the 6.3° 

compromise propeller. Since the take-off 
power is increased from 800 to 900 horse- 
power, the t.hp/b.hp. mc is 

0.625 X --- or 0.704. This value should 
800 

also be corrected for solidity leaving 

0.68 for the final t.hp./b.hp. m . 

c 

It should be remembered that all the charts in this 
paper are based on propeller data taken from reference 1 
and should be used with discretion for problems involving 
other propeller shapes. 



RELATIONSHIP BETWEEN PROPELLER SPEED, DIAMETER, AID PITCH 
POR DIFFERENT SERVICE CONDITIONS 



In order to obtain the best all-round efficiency from 
the engine-propeller, iinit , it is obviously necessary to 
determine the best propeller speed, diameter, pitch setting, 
and number of blades. Since there are so many theoretical 
and practical considerations, it is impossible to determine 
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these dimensions for the field of airplanes as a whole ex- 
cept in a very general way. Certain elements of perform- 
ance of one type of airplane may not he considered import- 
ant for another. In some designs the geometry or dimen- 
sions of an airplane might determine the propeller size. 
Ingine speeds and propeller diameters also are more or less 
fixed by the makers because it is impossible to furnish 
infinite variations of these quantities. 

Entirely satisfactory methods for evaluating the 
proper engine-propeller parameters for the field as a 
whole appear impossible to determine; however, there is . 
included herein an attempt to show the relationships be- 
tween certain design dimensions based on various assump- 
tions. 

Prop_e_ll er speed - dia met er charts.- Figure 24 is a 
chart for obtaining the best propeller speed-and diameter 
for the maximum high-speed efficiency for sea-level de- 
signs. The assumptions .used as the basis of the chart are: 
(a) The propeller is to operate at maximum efficiency at 
high speed, and (b) the take-off efficiency is of secondary 
importance. It is not possible to include the altitude 
function in the chart because of the differences in diam- 
eter and tip speed with changing height. The chart is of 
limited application because the take-off is ordinarily of 
major importance. It is interesting to note that the pro- 
peller speeds are, in general, fairly close to those used 
in present-day practice, espec ially' if it is considered 
that the values may. be considerably increased or decreased 
without appreciably affecting the efficiency. The propel- 
ler speed increases with air speed and decreases with pow- 
er, while the reverse is true for the diameter. 

For conditions in which the propeller diameter is lim- 
ited by such factors as weight, ground clearance, fuselage 
clearance, engine-reaction torque, or propeller cost a 
chart has been prepared based on arbitrary diameters equal 
to 2.5 times the average engine diameter (fig. 25). Such 
a scheme is practicable since the propeller stock sizes 
and the engine gear ratios are few. Of course neither the 
high-speed nor the take-off efficiency is necessarily the 
highest possible. With this design scheme the propeller 
speed decreases as the air speed increases, which is con- 
trary to the results of figure 24. 

The engine-diameter-horsepower relationship was deter- 
mined from figure 26, which is a plot of a number of pres- 
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ent- day radial engines. The curve represented by the ex- 



chart could "be simplified thereby. 

It was previously pointed out that for all** round effi- 
ciency, it is desirable to use high pitches and large di- 
ameters for controllable propellers. It is fairly safe to 
assume that an arbitrary selection of a pitch setting of 
37° will ordinarily give about the maximum efficiency at 
high speed. (The assumption is based on data given in the 
Appendix.) 

This analysis shows that controllable propellers (es- 
pecially compromise designs) of pitch settings of the or- 
der of 37° will also give about the best take-off thrust. 
It seems quite clear, then, that if the propeller speed 
and diameter were determined for a propeller of, for in- 
stance, 37° pitch setting, the over-all efficiency would be 
about the maximum. Figure 27 shows a chart for the deter- 
mination of the speed and diameter of a propeller having a 
basic pitch setting of 37°. In this chart the altitude 
function is included, but the diameter for altitude de- 
signs must be computed from the relation, diameter = 



40,000 feet and speeds up to 300 miles per hour. For 
higher speeds higher pitches must- be used in order to keep 
the tip speeds within the limiting value of 0.9, the speed 
of sound. 

In general, the chart resembles the one given in fig- 
ure 24 except that the propeller speed is lower and the di- 
ameter higher for any given condition. With such low pro- 
peller speeds the engine-reaction torque will be high, and 
single-engine airplanes may be rendered uncontrollable for 
certain conditions. This objection is not so serious for 
large multiengine airplanes, however, especially if the 
net torque is reduced to zero by turning half the propel- 
lers in one direction and half in the other. Large diame- 
ters are objectionable for small craft from considerations 
of clearance and weight, but for large craft this objec- 
tion is minimized. Large propellers may even be a defi- 
nite asset for installations in which a large wing or fu- 
selage is placed in the slipstream. 



pression , 




was used since the 



5 6 X m.p.h. 



The chart is applicable for altitudes up to 



r.p.m. 
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Large diameter propellers used on mult i engine air- 
planes, of course, necessitate increasing the distance "be- 
tween the engines or "between the engine and the fuselage, 
thereby increasing the difficulty of overcoming the un- 
balanced thrust couple when one engine fails in flight. 

It may be mentioned that propellers selected by means 
of figure 27 will operate at. the same, tip speed for any 
given engine power regardless of the number of blades or 
diameter. In this chart the product of the propeller 
speed and diameter is constant for constant power. It is 
quite evident, therefore, that there would be no object 
in using three blades instead of two if it were necessary 
to reduce the tip speed. There might be some other ad- 
vantage in using three blades, however, such as less vi- 
bration, less noise, or smaller diameter. Since the di- 
ameter for the 3-blade propellers is 0.845 times the di- 
ameter for 2-blade ones, the weight of the 3-blade pro* 
pollers will be about 1.5 X (0.845) 3 or about 0.91 times 
the weight of 2-blade propellers, assuming that the blades, 
shanks, and hubs are geometrically similar. 

It should be noted that the' charts given in figures 
24, 25, and 27 give only the basic propeller dimensions, 
not necessarily the final dimensions. For conditions in 
which, compromise designs are desirable, the pitch must be 
reduced and the diameter increased. The procedure recom- 
mended for using charts such as these is: 

(1) Determine the best engine speed from one of the 

charts (figs. 24, 25, and 27). The diameter 
may be tentatively determined to fcrm a guide, 
but the final diameter may be slightly differ- 
ent . 

(2) Determine the blade-angle reduction necessary for 

sea-level operation from figure 23 if a super- 
charged engine is used. 

(3) Determine the additional compromise blade-angle 

reduction, if any, from figure 13. 

(4) Determine the propeller dimensions and tip speed 

from figures 2, 3, 4, and 5. 

E xample 4; 

Given: 1,000 horsepower at 10,000 feet. 



26 



1,200 horsepower for take-off with 10 per- 
cent overspeed. 

250 miles per hour high speed. 
To find: Best propeller speed. 
Best diameter. 
Pinal pitch setting, etc. 

So lutioh: 

(1) Prom figure 27 the propeller speed is ap- 

proximately 900, and the diameter is 
15.5 feet for 2 hlades; the propeller 
speed is 1,050 and the diameter is 13.3 
feet for 3 hlades. 

(2) Prom figure 23 the "blade-angle reduction 

for sea-level operation under take-off 
engine conditions is found to he 3.6°. 
(A speed of 250 miles per hour is, of 
course, assumed.) 

(3) C g = 2.50 (2 hlades) . 

The C s should he the same for a 3-hlade 

propeller since the pitch setting is 37° 
for "both. Prom figure 13 it may he not- 
ed that 3° additional blade-angle reduc- 
tion, as a compromise measure, will in- 
crease the take-off thrust to about the 
maximum amount obtainable with only a 
slight decrease in high-speed efficiency. 

(4) Prom figures 2, 3, and 5: 

Por a 2-blade propeller, the efficiency 
is 80, the diameter is 16.7 feet, the 
pitch setting is 34°, and the tip speed 
is 875 feet per second for high speed 
or 867 feet per second for take-off. 
(Hote the tip-speed decrease even 
though the engine is overspeeded for 
take-off. ) 
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For a 3-blade propeller, the efficiency 
is 77.5, the diameter is 14.2 feet, 
and the pitch setting and tip speed 
must he the same as for the 2-hlade 
propeller, neglecting errors. 

future des ign l imitation s.- There has "been some con- 
cern shown "by designers about the possibility that the ad- 
vance of airplane design may be limited by the propeller. 
Higher speeds necessitate higher pitch settings; higher 
powers necessitate greater blade areas, either larger di- 
ameter o'r greater total blade width; and higher altitudes 
necessitate greater diameters. 

The pitch is probably limited by virtue of the dimin- 
ishing efficiency forthe higher pitches. Since the the- 
oretical maximum efficiency occurs at a pitch angle a few 
degrees below 45°, it is not unlikely that pitch angles up 
to 50° could be used without sacrificing a great deal of 
maximum efficiency. It has been shown in this paper that 
with controllable propellers the efficiency at a given 
percentage of the high speed, such as 0.3 V m a.x> increases 
as the pitch angle increases at least up to 42°, the limit 
of the pitch angles investigated. Thus, the propeller op- 
erating conditions for take-off and climb are more favorr 
able for high-speed than for low-speed airplanes. At the 
high and cruising speeds, 300-mile-per-hour airplanes are 
still in the high-efficiency range, as may be seen from 
figure 2 , while 400-mile-per-hour airplanes operate beyond 
the peak of the theoretical curve; how much below the peak 
of the actual curve their operation is cannot at present 
be determined. 

The power may be increased without affecting the tip 
speed KnD either by increasing the total blade width or 
by increasing the diameter and decreasing the rotational 
speed. If the former method is used, the propulsive effi- 
ciency suffers slightly; and if the latter method is used, 
the larger diameter propeller may be objectionable from 
considerations of weight or actual size. The lower pro- 
peller speed also results in a higher engine-reaction 
torque unless two propellers are operated in opposite: di- 
rections. The limit to which the solidity may be increased 
is obviously imposed by the diminishing efficiency. The 
limiting diameter is determined by the weight or size that 
can be tolerated on any given airplane, the larger the air- 
plane the larger the propeller that may. be permitted. 
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Since the trend in airplane speeds parallels, in gen- 
eral, the trend in engine power, the increased power is 
absorbed to some extent by virtue of the higher pitches. 
In such cases the diameter may not change a great deal even 
though the power is increased. It appears, therefore, that 
for cases in which the increased power corresponds to the 
increased airplane size and speed the upper limit of the 
engine power that can be efficiently absorbed is very vague, 
but is certainly not under 2,000 or 3,000 horsepower. 

The most noticeable result of the high-altitude fac- 
tor on propeller design is the large diameter necessary. 
For example, if it is assumed that the high speed, 200 
miles per hour, of a certain airplane will increase at the 
rate of 1 percent per 1,000-foot altitude up to 30,000 
feet with constant engine power, 700 horsepower at 1,400 
r.p.m., the diameter will increase from 10.4 feet to 12.3 
feet for the 3-blade design. (See fig. 2.) This increased 
diameter and air speed will increase the tip speed 200 feet 
per second up to a maximum speed of- 1,000 feet per second 
for the high altitude design. If the comparison is based 
on a constant tip speed, the engine speed must be reduced 
to 800 r.p.m. and the diameter increased to about 16.7 feet 
equivalent to a 60 percent increase in diameter. The im- 
portant tip-speed value at sea level is that for take-off 
and at altitude is that for cruising, which is at lower 
propeller speeds. These differences in engine speed will 
affect the actual necessary diameter somewhat. 

Another important effect of, the high-altitude factor 
is the increased pitch accompanying the increased air 
speed. For the example cited, wherein the tip speed is 
held constant, the pitch angles increased from 30.9° to 
39.3°. 

It is quite evident from this example that the diam- 
eter and pitch setting increase at an alarming rate with 
increased altitudes if the tip speed is held constant. 
Since higher powers also affect the diameter in a similar 
way, the combination of both elements hastens the practi- 
cable limit in design. 

In order to bring out in a more concrete manner the 
diameters and pitch settings that are likely to be encoun- 
tered, table II has been prepared showing different air 
speeds, altitudes, and horsepower. It should be noted 
that the table is based on 3-blade propellers operating 
at a tip speed of 1,000 feet per second and therefore 
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represents a fairly high solidity value and about the up- 
per limit in tip speed. 

It is interesting to note that the diameter increases 
greatly with increasing altitudes and also with increasing 
values of power, but : decreases slightly with increased air 
speed. The propeller speed is affected inversely as the 
diameter, and the pitch setting is entirely a function of 
air speed under the present assumptions. 

for any given air speed and tip speed the C s is 
constant; hence hp. oc B 3 . For solid geometrically simi- 
lar propellers the weight may he assumed to be proportion- 
al to D 3 ; therefore, weight oe(hp.) 3 2 . from the pro- 
peller-weight, as well as the diameter, consideration, the 
engine units should he limited to moderate sizes, which is 
especially true for high-altitude airplanes because of the 
pronounced diameter increase with altitude. Since the 
propeller weight, under the foregoing assumptions, is pro- 



altitude design will be about 8.25 times as heavy as the 
sea-level design. 

It was pointed out in the discussion of figure 27 
that increasing the number of blades (increased solidity) 
slightly reduced the weight and, of course, reduced the 
efficiency as well (for constant tip speed and air speed) 
The amount of efficiency that should be sacrificed in or- 
der to save weight is a problem that, is, beyond the scope 



The probable order of increasing merit of engine-pro- 
peller combinations is:, (a) fixed pitch, (b) fixed pitch 
and variable gear ratio, (c) controllable pitch, (d) con- 
trollable pitch and diameter, and (e) controllable pitch 



portional to 




it can be seen that the 40,000-foot 



of the present paper- 
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with supercharged engine of optimum supercharging and over- 
speed capacity. 

If the design basic pitch setting of a low-pitch or a 
moderate-pitch controllable propeller for a given airplane 
is increased up to about 35° or 40°, the propeller Speed 
reduced, and the diameter increased, the resulting take- 
off and high-speed efficiency will be substantially higher. 

For light airplanes the cost and weight of controlla- 
ble p'ropellers might be prohibitive. For such cases fixed- 
pitch propellers with engines equipped with two-speed gear 
changes would be preferable if increased take-off thrust 
were necessary. 

For cases wherein the pitch setting is necessarily 
low because of the inflexibility of the engine or airplane 
design relative to propeller speeds and diameter, there is 
little to be gained in performance from the use of special 
devices such as controllable propellers. The advantage of 
controllable propellers increases with the design basic 
pitch setting or roughly, but not necessarily, with the 
airplane speed. 

Controllable propellers, and also variable gear ra- 
tios, are more beneficial with supercharged engines than 
with unsuper charged engines because of several factors, 
among which is the greater increase in take-off engine 
power accompanying the increased engine speed. With fixed- 
pitch propellers, the drop in engine speed at take-off is 
more pronounced for supercharged than for unsupercharged 
engines unless the power of supercharged engines is con- 
siderably increased by boosting. 

Further increases in propulsive efficiency for take- 
off may be obtained at the expense of a small loss in 
|iigh-speed efficiency by reducing the design pitch setting 
#nd increasing the diameter. This system of compromise is 
very effective for controllable propellers but less effec- 
tive for fixed-pitch propellers with or without variable 
gear ratio. The amount of improvement possible depends 
upon the design basic pitch; the higher the pitch, the 
greater the possible improvement. 

Several factors associated with supercharged engines 
influence the amount of compromise desirable for control- 
lable-propeller design. The fact that the propellers are 
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designed for critical altitude flight and overspeeding the 
engine at take-off necessitates reducing the "blade angle, . 
with the same effect on the take-off thrust as compromis- 
ing; "but boosting the engine at take-off has the reverse 
effect. Since overspeeding and "boosting "both increase the 
brake horsepower, overspeeding is preferable when the max- 
imum power is limited. 

Controllable propellers designed for high-altitude 
flight with supercharged engines will have excellent take- 
off characteristics because of the large diameter and low 
pitch necessitated by sea-level operation. 

There is no well-defined limiting value of speed, 
power, or altitude in future propeller designs, but in- 
creasing each factor imposes increased design difficulties. 
Higher speeds are accompanied by higher pitches, greater 
powers necessitate greater total blade or disk area, and 
higher altitudes require larger diameters. Designers must 
be prepared for pitch settings of 45° or 50° for air. 
speeds of about 400 miles per hour. The diameters of 3- 
blade propellers may reach 15 feet for 3,000-horsepower 
engines for sea-level altitude; the diameter must, however, 
be about doubled if the altitude is increased to 40,000' 
feet, assuming constant air speed and tip. speed. The di- 
ameter may be confined to practicable limits for high-al- 
titude airplanes if the engines are limited to low powers. 



Langley Memorial Aeronautical laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., May 15, 1936. 
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APPENDIX 



Since the main paper .was written, there have "been made 
available additional full-scale propeller data that may be 
of use to the designer. The test results from which this 
information was obtained are given in reference 7, together 
with the nacelle outline drawing. A photograph of the test 
set-up is shown in figure 28. Figure 29 is a composite 
photograph of the propellers referred to in the reference 
as B, C, D. and E. The respective drawing numbers are: 
Hamilton Standard 1C1-0, three blades; Navy plan form 58S8-9, 
three blades; Navy plan form 5868-9, two blades; and Navy 
plan form 3790, three blades. The blade form curves for 
propellers B, C, D , and E , together with those for propel- 
ler 4412, are given in figure 30. Propeller E and propel- 
ler 4412 are designed with the E.A.F. 6 as the basic sec- 
tion; the other propellers are designed with the Clark Y 
section. Propeller B was tested with two pitch distribu- 
tions; the normal pitch distribution and with the pitch 
washed out at the tip, the latter denoted as B x or 1C1-0X. 
This change in pitch distribution is also shown in figure 
30, Speed-power-coefficient C s charts for propellers B, 
B x , C, D , and E are given in figures 31 to 35. Figure 36 
shows the ratio of the power absorbed by 2- and 3-blade 
propellers (5868-9) . It may be noted that the power ab- 
sorbed by the 2-blade propeller relative to the 3-blade one 
decreases uniformly from about 0.74 for the 15° pitch set- 
ting to about 0.68 for the 45° blade angle. The mean of 
these values closely .checks that assumed for the construc- 
tion of section D, figure 2. The relative efficiencies of 
2- and 3-blade propellers are given in figure 37 for four 
flight conditions and over a wide range of C g values. 
The 2-blade propeller has about 2.5 percent higher effi- 
ciency at the high-speed or cruising condition and about 
1.5 percent higher value at the climb, but there seems to 
be little advantage in either over the other at the take- 
off condition. 

Figure 38 is a comparison of propellers 1C1-0 and 
1C1-0X. The washed-out pitch distribution decreases the 
efficiency at the high-speed, cruising, and climb condi- 
tions for low C„ or pitch values but increases the effi- 
ciency for the same conditions at high C g values. The 

take-off efficiency suffers over the whole range because 
of this washout feature. 

It has been suggested that sections A of figure 2 be 
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made up for the propellers included in this appendix; "but, 
since this would involve a considerable addition, it was 
thought that a more detailed explanation of the construc- 
tion of this section of the figure with an example would 
suffice. Persons interested in any propeller can readily 
make up section A by following the method outlined as fol- 
lows: 



Example 5 .- Construction of se ction A for the 3-blade pro- 
p eller 5 83 8-9 . 

(1) The chart, figure 2, was constructed for propeller 
4412, which has a total blade-width ratio of 0,105 at 3/4 "R; 
consequently, if a section A for a different blade-width 
propeller is to be used in conjunction with the chart; the 
power should be corrected. The total blade-width ratio of 
the 3-blade propeller 5868-9 is 0.1845. Reference to sec- 
tion D of figure 2 shows that the latter propeller absorbs 
1.6 times the power of the 4412 propeller; therefore, the 
power must be corrected by this factor in order that section 
A for propeller 5868-9 can be used directly in conjunction 
with the rest of figure 2. 



0, 638 X m.p.h. X <J l/B 
(1.6 hp.) 1/5 X r.p.m. :2/5 



(a) 



or 



1.096 C 8 = 



0,638 X m,p,h, X cr 
hp. 1/5 X r.p r m. 2/5 



1/5 



also 

i/. = ._lZi£_ M 

1,096 C B 

(2) Since the lines for constant Cp l/s , pitch setting 
and T\ are straight and pass through zero, it is necessary 
to solve for only one point on each line. Therefore, let 

hp. 1/5 X r . p.m. 3/5 = 90. From (a) 

m.p .h. x a l/5 = 154.8 C s (c) 



(3) Tabulating the observed and derived data-: 



From figure 33 (envelope): 


Computed 


Fitch 
setting 




V_ 

nD 




Cp 


m.p-h. X O" 1 ^ 5 
for 

1 /s 3/5 
hp. r.p.m. = 90 


Sea-level air speed for tip speeds of - 


ROO 

f .p.s. 


900 
f .p. s. 


1 000 

X- j www 

f .p.s. 


1 100 

J~ f X WW 

f .p^s. 


Degrees 












nup.h. 


m.p.h. 


m.p.h. 


m.p .h. 


15 


1.16 


0..60 


0.793 


0.472 


180 


102 


115 


127 


140 


20 


1-49 


-.82 


.832 


.501 


231 


137 


154 


171 


189 


25 


1.80 


1.05 


.850 


.531 


279 


171 


194 


216 


238 


30 


2.12 


1.30 


..850 


.558 


32 8 


207 


235 


261 


288 


55 


2 .45 


1,5? 


.850 


.583 


380 


242 


274 


307 


334 


40 


2.80 


1. 87 


.840 


.805 


435 


279 


315 


348 


383 


45 


3.21 


2.. 24 


-.825 


.633 


497 


318 


354 


394 


437 



The observed data in the table are read directly from figure 33-. The value of Cp is 
then computed by using the relation (b), and m.p.h. X (j l/s is determined from the relation 
(c). Values of m.p.h. for different tip speeds are read from figure 39. 
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(4) In order to plot whole values of c p l/5 > r l • an<i 
pitch setting in the chart, these quantities from the fore- 

1/5 

going table are plotted against m.p.h. X cr and the 

whole values determined (plot not shown). In figure 40 
1/5 

Cp lines are drawn in (dotted) through the origin 

1/5 s/5 _ 

and the points established at hp. r.p.m. = 90. The 

abbreviated pitch-setting lines (solid) ar.e also similarly- 
drawn in. The lines of constant tip speed may be plotted 

with reference to m.p.h. at sea level and to the Cp 1 '' 5 

lines. The f) lines may then be drawn straight to a tip- 
speed value Of about 980 feet per second. Since the T) 
decreases roughly 10 percent for an increase in tip speed 
from 1,000 to 1,100 feet per second, the T) curves may be 
corrected accordingly. Since operation above 1,000 feet 
per second is of only slight interest, the accuracy of that 
portion of' the chart is of little importance. 

This chart may be used directly in conjunction with 
figure 3 with one modification. Since the test results are 
for the 3-blade propeller, the origin of the solidity-effi- 
ciency-correction curve (section G), should be. shifted to 
the blade-width ratio of 0.1845. 

Had the power not been corrected for differences in 
blade width, the derived section A could be used in con- 
junction with figure 2 if the horsepower were read from 
section D at a value of blade-width ratio of 0.105, This 
condition would limit the application of the chart to the 
particular propeller in question. 
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TABLE I 



Summary Table of ■ for Various Engine-Propeller Combinations 



Flight 
condition 


Engine \ Type of engine 


Unsupercharged 
engines 


Supercharged engine operating at various ratings 
at sea level 


propeller \ Operating condition 


Full throttle 


High-speed rating 


Take-off rating 


Full-throttle 


combination \ Pitch-setting for 
\ high speed, deg. 


22 


32 


42 


22 


32 


42 


22 


32 


42 


33 


32 


42 


Take-off condition 
(0.3 high speed) 


Fixed pitch 

" " , compromise ( 3° under 

basic pitch) 
" " , variable gear ratio 


0.338 
.361 
.370 


0.342 
.362 
.380 


0.332 
.330 
.370 


0.307 
.365 


0.315 
.390 


0.304 
.375 


0.320 
.396 


0.325 
.412 


0.317 
.400 


0.427 
.473 


0.435 
.500 


0.430 
.477 


Controllable pitch (peak r\ at 
high speed) 
» * .compromise (3° under 

basic pitch) 
» " " (5° under 

basic pitch) 
» 1.35 to 1.00 over- 
speed drive 
" " and diameter 


.39? 
.435 

.452 


.425 

.565 
.565 
.607 


.462 

.615 
.635 
.715 


.422 
.430 


.507 
.556 

.582 


.540 
.615 

.675 


.469 
.471 


.547 
.615 

.634 


.585 
.675 

.740 


.533 
.592 


.56? 
.690 

.815 


.620 
.727 

.955 


Climb 
(0.65 high speed) 


Fixed pitch 

" " , compromise (3° under 

basic pitch) 
" * , variable gear ratio 


.655 
.680 
.702 


.657 

.680 
.735 


.625 
.627 
.700 


.570 
-.673 


.575 
.715 


.538 

.682 


.605 
.732 


.611 
.777 


.574 
.743 


.82? 
.925 


.837 
.965 


.790 
.925 


Controllable pitch (peak i\ at high speed) 

" ■ , compromise (3° under 
basic pitch) 

« " , " (5° under 
basic pitch) 

* * , 1.25 to 1.00 over- 
speed drive 

« « and diameter 


.700 
. 715 

.725 


.770 

.802 
.815 
.822 


.788 

.842 
.835 
.842 


.680 
.682 


.750 
.760 

.767 


.760 
.771 

.771 


.745 
.745 


.825 
.840 

.842 


.850 
.855 

.860 


.920 
.960 


1.018 
1.077 

1.090 


1.063 
1.105 

1.127 


High speed 
on orulsing 


Fixed pitch 

" " , compromise (3° under 

basic pitch) 
" * , variable gear ratio 


.822 
.815 

.822 


.837 
.830 
.837 


.775 
.757 
.775 














1.045 
1.090 


1.057 
1.110 


.988 
1.045 


Controllable pitch (peak T| at high speed) 

11 " , compromise (3° under 
basic pitch) 

« * , » (5° under 
basic pitch) 

« « , 1.25 to 1.00 over- 
speed drive 

" " and diameter 


.822 
.815 

.822 


.837 

.807 
.817 
.837 


.775 

.737 
.745 
. .775 














1.08? 
1.090 


1.110 
1.100 

1.110 


1.045 
1.020 

1.045 



TABLE II 



Propeller-Design Trend with Increasing Values of Air Speed,. 

Altitude, and Power 



(3-blade, 4412 propeller, 1 ,000-f oot-per- second tip speed; 
r.p.m. oc a l/2 , diameter oc hp. 1 / 8 , and r.p.m. X diameter = 
K for constant values of air speed or pitch setting.) 



Alt itude 


200 miles per hour 


300 miles per hour 


400 miles per hour 


Diam- 
eter 


r.p.m. 


Pitch 
set- 
ting 


Diam- 
et er 


r.p.m. 


Pitch 
set- 
t ing 


Diam- 
eter 


r.p.m. 


Pitch 
set- 
t ing 


750 horsepower 


Feet 


Feet 




deg. 


Peet 




deg. 


Feet 




deg. 


0 

10 ,000 
20,000 
30,000 
40,000 


8.3 
9. 6 
11.4 
13.5 
16.7 


2,200 
1 ,900 
1, 600 
1,350 
1,090 


26.9 
26.9 
26.9 
26.9 
26.9 


7.4 
8. 6 
10.1 
12.1 
14.9 


2,320 
1 ,990 
1,690 
1 ,420 
1,150 


36.2 
36.2 
36.2 
36.2 
36.2 


6.7 
7.8 
9.2 
11.0 
13.6 


2,310 
1 ,985 
1,690 
1,410 
1,140 


48.0 
48.0 
48.0 
48.0 
48.0 


1,500 horsepower 


0 

10 ,000 
20 ,000 
30,000 
40 ,000 


11.7 
13. 6 
16.1 
19.1 
23. 6 


1,560 
1 ,340 
1,130 
960 
775 


26.9 
26. 9 
26.9 
26.9 
26.9 


10. 5 
12.2 
14.3 
17.1 
21.1 


1, 630 
1,410 
1 ,200 
1,000 
815 


36.2 
36.2 
36.2 
36.2 
36.2 


9.5 
11.1 
13.0 
15. 6 
19.2 


1, 630 
1,390 
1,190 
990 
805 


48.0 
48.0 
48.0 
48.0 
48.0 


2,250 horsepower 


0 

10,000 
20,000 
30 ,000 
40,000 


14.4 
16. 6 
19.7 
23.4 
29.0 


1,270 
1,100 
925 
780 

630 


26.9 
26.9 
26.9 
26.9 
26.9 


12.8 
14.9 
17.5 
21.0 
25.8 


1,360 
1,150 
975 
820 

665 


36.2 
36.2 
36.2 
36.2 
36.2 


11.6 
13.5 
15. 9 
19.1 
23. 6 


1,335 
1,145 
975 
815 

660 


48.0 
48.0 
48.0 
48.0 
48.0 



N.A.C.A. 



Fig. 1 




0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.6 3.0 

0.638 xm.p.h.x a* 5 



Ls Ap.VSx r .p.m. z ' s 

Figure 1.- Two-blade propeller characteristics; N.A.C.A. cowled nacelle; 4418 propeller. 



I.A.O.A. Fig. 3 

Sections A,B. 
Figure contin- 
ued on follow- 
ing P*g«a. 




Fignse 3. -Chart oorrslatisg eaperissstal propsllsr test data with various design paiaaete 
3sotion A gives the nsoassary tspsriaent&l data while sections B, 0, D, I asd " 



sspondlng design diaeasissal data 
propeller-body interference 



Sections A and H give i) oorrection for solidity 
Read frons section to section horizontally or vertically 
la order to obtain the diameter, first solve for Cp^s x 
(Continued on following pages.) 
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Percentage reduction in propeller- oody diameter. Total blade width ratio at 0.75 R 



Ratio = 



"Si 2.34-[ 

: \ d lb _ i 



(b/d x number of blades ) 



2.34 

Continuation of Figure 3, sections E, F, 0, and H. 



(Read r.p.m.) 



a 
p-< 



(Read ^ , tip speed, and C 1 ' 5 



LCI 



Sample procedure 



m 



.n.h.x cr 1 / 5 



in 



,/(Read r.p.m.X C ' ) 



r-t 



Do- 



1/5 



D ° 
(Read horsepower) 



0) 



O B 

(Read altitude) 



•H 



(Read diameter) 



Figure 2a.- Diagram illustrating the use of figure 2. 
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H.A.O.A. Figs. 3,4 

100' — I — | — I — | — I — I — I — I — I — I — I — | — i — 1 — I — I — I — I — I — | 




40 80 120 " 160 £00 240 280 320 360 400 440 

m.p.h.x(J 1/!i 



Figure 3. -Compromise propeller; 3° under i\ an envelope. Dat» taken from figure 1. 




40 80 120 160 200 240 280 320 360 400 440 

m.p.h.xcJ vs 

Figure 4. -Compromise propeller; 5° under r\ max envelope. Data taken from figure 1. 
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Figure 6.-Yelooity of sound In standard vtBOsphore. 
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Pitch setting for maximum efficiency at high speed. 
3" Compromise (Pitch set 3° below that for maximum 
efficiency and diameter slightly increased) 



Figure 7. -Ratio of thrust horsepower to brake horse- 
power available at high speed for fixed- 
pitch propellers designed with maximum effioienoy at 
high speed. Unsuperoharged engines. 
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Figure 8. -Comparison between high-speed and compromise design propellers. Unsuperoharged engines and 
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Figure 9. -Change in full-throttle engine speed with 

changes in air spaed. Unsupercharged 
engines and fixed-pitch propellers. 
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efficiency and diamefer slightly increased) 
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Figure 10. -Comparison of high-speed and ooaproaise design propellers, 
variable gear ratio and fixed-pitoh propellers. 
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Figure 11- Ratio of thrust Horsepower to brake horsepower a^llable at high 

speed for controllable propellers designed with maximum sXflolenoy 
at high speed. Unsuperoharged engines. 

Fierure 13.- Controllable-pitch propellers haTing various degrees of compromise 
iigure i.o. oon trollable pitch and diameter. Unsuperoharged engines. 
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Figure 14. -Changes in propeller diameter accompanying various amounts of design 
blade-angle reduction for compromise designs. 
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Figure IS. -Effect of design pitch setting on the take-off distance of an example 
airplane. (Oontrollable propellers, maximum compromise.) 
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rigure 13. -Operation-efficiency curves of various compromise controllable propellers from take-off to nigh speed of 
chosen as an example. 
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Figure 16. -Ratio of thrust horsepower to brake horse- 
power aTOllable at high speed for control- 
lable pitch and diameter propellers. Onsuperoharged 
engines. 
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Figure 18. -Controllable propellers with one or two engine gear changes. Unsuperoharged engines. 
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Figure 17. -Change in diameter with change in air speed 
for controllable pitch and diameter 
propellers . 



Fisure 19.-Co«parieon between 3 and 3-blade propellers. Data taken from reference 4. Fixed-pitch 
propellers and unsuperoharged engines. 



a, Fixed pitch reduction). 

b, •• - compromise, (3° blade-angle - 
c\ - •■ ,variable gear ratio (in fin He). 
d\ Controllable pitch and diameter. 



e, Controllable pitch, (maximum efficiency at high speed), 
f " « , compromise, (5° blade-angle reduction). 

a, - - o o - << " ;. 

/7. » " , 1.25 to 1.0 overspeed drive. 
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Figure 30. -Comparison between various 

engine-propeller combinations 
for various pitch settings. 
Unsupercharged engines. 



Figure 31. -Change in engine speed with 
— air speed for sea-level oper- 

ation of supercharged and unsupercharged 
engines with fixed-pitch propellers. 
(Critical altitude, 7,000 feet.) f2 



N.A.C.A. 



Figs. 22 a.b.c 



a, Fixed pitch 

b, " " .variable 
gear rotio(infinite). 



c. Controllable pitch, 

(peak efficiency at high 
speed at critical altitude). 



d, Controllable pitch, compromise 

(3°b/ode-angle reduction). 

e. Controllable pitch & diameter. 



Full throttle, 46 inches of Hg manifold press ure, r.p.m . limited to 2OS0 




Take-off rating, 315 inches of Hg manifold pressure , r.p.m. limited to 2050 




High-speed and climb rating, 35/nches of Hg manifold pressure, r.p.m. limited to 1950 
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Pisure 22a, b,c- Comparison between various engine -propeller combinations for various 

basic pitch settings. Supercharged engine operating at various 
ratings at sea-level. (Critical altitude, 7,000 It.) 
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Figure 34.-0hart for obtaining diameter and r.p.m. for maximum hlgh-apesd 

effloienoy. (A change of 400 r.p.m. will result In about 1 percent 
drop in efficiency.) 
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Figure 35.-Cbart for obtaining beet r.p.m. for conditions »]»reln 
«igure p rop8 i lox diameter is toe limiting factor. Propeller 
diameter - 3.5 engine diameter (radial). 
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Fleux9 37. -Chart for 
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of oontrollablss pro- 
pallors giving prob- 
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B, Drawing C, Drawing D.Drawing E, Drawing 

No. 101-0 No. 5868-9 No. 5868-9 No. 3790 

Figure 39.- Propellers B,C,D, and E. 
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Figs. 30,31 




Figure 31.- Propeller B; Drawing No., i C 1-0; three blade; 10-foot 
diameter. N.A.C.A. cowled nacelle A' -A" diameter. 
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Figs. 32,33 
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Ls hpy*xr.p.m" s . 

Figure 32.- Propeller B x ; Drawing No. ICI-OX ; special pitch distribution; 
three blade; 10-foot diameter. N.A.C.A. cowled nacelle 4'-4" diameter. 
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„ = 0.638 x m.p.h. x o" s 
Cs hp!"xr.p.m" s " 

Figure 33.- Propeller C; Drawing No. 5868-3 three blade; 10-foot 
diameter. N.A.C.A. cowled nacelle A'-A" diameter. 



N.A.C.A. Figs. 34,35 




Figure 34.- Propeller D; Drawing No. 5868-9 two blade; 10-foot 
diameter. N.A.C.A. cowled nacelle A'- A" diameter. 




0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

_ 0.638 xm.p.h.x a" s 
Cs h P :' s x.r.p.m?" 

Figure 35.- Propeller E ; Drawing No. 3790; three blade; 9-foot 
diameter. N.A.C.A. cowled nacelle A'-A" diameter. 
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Figure 36.- Ratio of power absorbed "by 2- and 3- blade 
propellers. Propellers 5868-9. 
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Figure 37. - Comparison between 2- and 3- blade propellers. Propeller 
5868-9. Controllable propellers and unsuperchargred engines. 
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Figure 38.- Comparison between propellers having different pitch dis- 
tributions. Controllable propellers and on super charged engines. 
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Figs., 29, 40 
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Figure 39.- Tip speeds for different air speeds and rallies of V/nD. 
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Figure 40.- Maximum ti at high speed. Propeller 5868-9, three Blades. Total blade-width ratio, 0.1845. 
(To be used in conjunction with figure 2 only.) 



